fluid had had the same concentration of potassium as the blood, this fluid would have had a much higher concentration than the material just taken out of the ventricle. But in practice the potassium concentration actually fell, as the material stayed longer in contact with the brain. This applied not only to potassium but to other substances as well, so the only way to explain the fact that the composition ofthe CSF stayed pretty constant throughout the system (and it flowed fairly slowly and had a half-life of two or three hours) was that it was in contact with something very similar to itself. It was known that the CSF must be formed by active transport mechanisms so it was thought the extracellular fluid was also formed in this way. Dr A M J N Blair (Fisons Pharmaceuticals, Holmes Chapel, Cheshire) said that pharmacologists were often interested in studying the effects of drugs on the central nervous system after either systemic or intracerebral administration. Occasionally a drug influenced behaviour only when very large doses were given systemically but intracerebrally very small doses were effective. He asked, if the difference in effects on the central nervous system between systemic and intracerebral administration was very great, whether it could be assumed that the drug did not cross the blood-brain barrier. Dr Davson did not believe that the barrier was an absolute barrier in that sense of the term. Everything could get across, even proteins could get across from the blood to the brain. It was just a question of how high a concentration could be achieved in a given time. If the drug did not act in a fairly low concentration of blood, but acted in a high concentration, it simply meant that in the time it had been given it had not been possible with a low concentration to get enough absolute amount out. Dr S J G Semple (St Thomas's Hospital, London) referred to the area postrema where the barrier might be different, and asked whether there was histological evidence that there might be pores in the capillaries. He also asked whether, if there were any anatomical difference, it would have any physiological significance. Dr Davson said he had examined the electronmicroscopical literature but found it rather vague. People had shown quite large extracellular spaces in the area postrema and the other specialized parts where there was not much of a barrier, but he had not seen convincing evidence that the capillaries in those spaces were fundamentally different from those found elsewhere. Dr Semple asked whether they had any physiological significance in the areas where the barrier was not so effective. Dr Davson replied that he would like Dr Semple to answer the question himself as he was concerred with a possible physiological basis in the control of respiration. He asked Dr Semple whether, if he had a region where bicarbonate could easily escape from the blood into the brain, it would be a better place for the control of respiration. Dr Semple replied that he did not know. Professor A St G Huggett (Edinburgh) asked what was morphologically the exact location of the bloodbrain barrier.
Dr Davson replied that morphologically they were in the hands of the anatomists; he could only repeat what they said, which was that a peculiar feature of the capillaries of the central nervous system was that they had these astrocyte covers, but the anatomists themselves did not agree that the covering was complete. If only 75 % of the capillaries were covered and the other 25 % uncovered, that could not act as a barrier. On the other hand, the basis of ordinary capillary permeability was not known. Dr H 0 J Collier (Parke Davis, Hounslow) said that one feature of capillaries not in the brain was that their permeability could be increased by substances such as histamine and kinins. He asked whether this applied also to capillaries in the brain, and whether dyes would pass from the lumen of capillaries into the brain if kinins were administered along with the dyes into blood vessels. Dr Davson said the blood-brain barrier was extraordinarily stable. He had never seen any demonstration that histamine caused any increase in permeability to materials such as trypan blue. Dr E J M Campbell (Royal Postgraduate Medical School, London) found that recent publications had suggested that the H+ concentration of CSF was relatively constant despite metabolic (non-respiratory) changes in the blood, and asked where this took place. Dr Davson replied that the choroid plexus was continually secreting CSF with a bicarbonate composition of quite different concentration from that of the plasma. That was the main basis of the control, but what happened in the brain perimeter, where the same process was going on, was not known. It might be surmised that just because the concentration of bicarbonate in the CSF was characteristically different then the extracellular fluid in the brain might also have to have a similar composition. Professor Eleanor Zaimis (Royal Free Hospital, London) said it had been suggested that the action of curare on the brain might be increased by histamine. Dr Davson agreed that histamine caused the capillaries to dilate. In other parts of the body it opened the junctions and increased permeability. The action of histamine showed that the junctions between capillary membranes were reversible, but as he had said before there was no direct evidence to show that histamine increased capillary permeability in the brain.
Professor A S V Burgen (Department ofPharmacology, University ofCambridge)
The Effect of Drugs on Membrane Transport I want to take up the story that Professor Ussing has told about active sodium transport in various tissues and examine the effects of pharmacological agents on it.
Let me first summarize what we want to know. One can regard the sodium pump as being con-cerned with transport of sodium out of the cell cytoplasm into the exterior. Other things may be coupled to it, as Professor Ussing mentioned, but the sodium transport is the essential, and it is polarized in the direction from inside out.
Professor Ussing also said that metabolic inhibitors might inhibit the sodium transfer. He mentioned dinitrophenol, but of course azide, anoxia and cyanide inhibit, and other substances interfering with oxidative phosphorylation (like oligomycin) can also inhibit the pump. I do not want to be concerned any further with actions on transfer due to action on the metabolic coupling.
The most interesting group of drugs that act on sodium transport are the cardiac glycosides of which ouabain is an example.
In most tissues, in very low concentrations, they will potentiate sodium transport but when the concentration rises to the order of 10-6 molar inhibition develops and between 10-5 and 10-4 molar the sodium transport system is virtually completely inhibited. This is true of practically every tissue. We may say that the sodiumtransport system is a quite universal one that is found in virtually every cell in which it has been looked for. A characteristic of the action of cardiac glycosides on sodium transport is that only the active component is involved, and that passive transfer processesthat is, ones which go downhill, are not involved. Skou (1964) discovered some years ago that there was a component of many cell membranes which had the property of splitting adenosine triphosphate (ATP). This is a membrane-bound ATP-ase which is activated by sodium ions and potassium ions and is optimally activated when both sodium and potassium are present. Later work has shown that the meaning of this sodium-potassium activation is that it is activated by sodium on the inside of the cell and by potassium on the outside of the cell, and the dual activation is related to the orientation of the enzyme in the cell membrane. I should say, too, that it is almost certainly not an ATP-ase in the strict sense, although it can split ATP, but it is probably concerned with the transfer of either adenylate or a phosphate or pyrophosphate residue to some membrane constituent.
Skou found that this enzyme was also inhibited by cardiac glycosides in the same sort of con, centrations that inhibited the sodium pump and there was a most striking parallelism between the effects of the very wide range of glycosides known to have cardiotonic actions and potency on these two systems. The most striking demonstration of this that I have yet seen is in red cell ghosts, where, if sodium transport and ATP-ase are measured in the same preparations, the dose/ response curves for ouabain and for other cardiac glycosides for these two actions are exactly superimposable.
There can be little doubt, therefore, that these two phenomena are closely related to each other and there have been suggestions that they are causally related in the sense that the ATP-ase may be the sodium pump and that the ATPsplitting aspect of the enzyme is concerned with coupling energy into the pump. This has not been proved and it is quite possible that the ATP-ase represents solely the energetic side of the pump and that the actual pump mechanism may be totally different.
Ouabain and the other cardiac glycosides not only inhibit the active transport of sodium out of the cell, but they often inhibit a number of other active transport processes. For instance, iodide is actively accumulated in thyroid cells and in salivary gland cells and both these processes are inhibited by ouabain; so is the transport of bicarbonate in the intestine, of hydrogen ions in the kidney tubule, and chloride ion transport in the stomach.
Once again, there is a problem. Does this mean that the same basic energetic process that can be inhibited by cardiac glycosidesthe ATP-asecan be coupled to a variety of pumps? Or is it possible, as I think Professor Ussing suggested, that these other pumps depend on there being a normal concentration of sodium and potassium in the cell, but that if you disturb this by inhibiting the sodium pump with cardiac glycosides, then the secondary pumps cannot operate, either because the ionic milieu is unsatisfactory or because they derive their energy secondarily from the ionic gradients? These problems have not yet been resolved.
There are some transport processes that are insensitive to ouabain. For instance, the amino acid transport in some cells is only affected late after a large dose of ouabain and is clearly secondary, I think, to changes of electrolyte concentration.
So while the ouabain-sensitive ATP-ase system seems to be the major power house for transport there clearly can be other mechanisms that are insensitive to ouabain. Now in nearly all healthy cellsa dangerous term to use, I knowthe sodium pump operates so efficiently that it reduces the intracellular concentration of sodium to very low levels, and the availability of sodium inside the cell becomes the limiting factor in determining the overall rate of sodium transport. This means that any agent that increases cell permeability to sodium and allows more sodium to penetrate by passive means will cause an increase in sodium pumping. A physiological example of this is the restitution process after the passage of an action potential which has been referred to earlier. During an action potential sodium enters the cell carrying the current in, and afterwards that excess sodium has to be pumped out of the cytoplasm. When a nerve has been activated electrically considerable amounts of sodium penetrate but these are rapidly removed by the operation of the pump.
In the frog skin, and in the rather similar set of transfer cells in the toad bladder, antidiuretic hormone appears to act in this way; that is, its primary action is to increase the permeability of cells on their mucosal surface to allow more sodium to enter, which is then pumped out by the already operating pump of the serosal surface, so that the increase in sodium transport obtained with antidiuretic hormone appears to be secondary to a passive process.
Professor Ussing also referred to the anomalous permeability property of the frog skin to certain solutes and he has postulated a serosal barrier to the cells which restricts the availability of certain solutes to the mucosal surface of the cell. Leaf has found that the polyene antibiotic amphotericin-B, which is known to increase the permeability of some bacterial cells, also increases sodium permeability in the toad bladder and causes an increase in sodium transport (Lichtenstein & Leaf 1965) .
It is important to note that if a drug, acting on sodium transporting systems like the skin or the kidney, acted by increasing the rate of pumping directly, then one would expect that the intra- CONTROL cellular sodium would be decreased. On the other hand, if the rate of pumping is secondary to an increased permeability, one would expect to find that the intracellular sodium should rise concurrently with the increased rate of pumping. This is what is found with antidiuretic hormone (an increase in intracellular sodium) and also with amphotericin-B.
Amphotericin-B will produce a maximal increase in sodium transport in the toad bladder so that addition of antidiuretic hormone will not produce any further increase. But it also has the interesting property of removing the selective barrier that Ussing and Leaf have postulated. Fig shows just the mucosal side of the surface and, diagrammatically, the postulated dense barrier in series with the porous barrier. This shows the effect of vasopressin which is thought to increase the permeability of the pores in both the dense and porous barriers whereas amphotericin-B affects only the dense barrier.
The effect of both vasopressin and amphotericin-B on the toad bladder is virtually instantaneous. The effects are produced within a minute or two and rapidly reach a maximum. This is in contrast to the action of aldosterone. Aldosterone has practically no immediate effect, whatever dose is given, but the first effect is detectable after about one hour and the maximum effect is produced after four to six hours on the toad bladder. That the delay is not due to a delay of penetration of the aldosterone itself was shown by Edelman using tritium-labelled aldosterone SEROSAL MEDIUM
MUCOSAL BARRIER Rtrans
Dense Porous (Edelman et al. 1963) . He could show that concentration in the tissue was at its maximum within a minute or two and that there was a localization within the cells of the bladder so that most of the aldosterone was in the nuclear region. This delay has been found with a number of hormonal actions of other kinds. I suppose the classical one is the effect of cortisol on carbohydrate metabolism in the liver in which there is a corresponding delay which has been noted by many workers and which has been shown quite unequivocally to be due to the need to induce certain enzymes particularly tryptophan pyrrolase and tyrosine transaminase. The delay with aldosterone on the bladder suggested to Edelman that the effect here might also be of this kindnot a direct permeability change but secondary to induced protein synthesis. He was soon able to show that at least some of the characteristics of the aldosterone transfer were of this kind. For instance, the aldosterone effect can be completely inhibited by puromycin which is an antibiotic that is an inhibitor of RNA-mediated protein synthesis.
It is partly inhibited, as are the cortisol effects by actinomycin-Danother antibioticwhich is an inhibitor of an earlier stage of the induction process, namely the nuclear synthesis of RNA. Neither puromycin nor actinomycin-D affect vasopressin action at all. There is a clear distinction, therefore, not only in time but also in sensitivity to antibiotics of these two processes.
Later he was able to show that there was a modest increase in RNA synthesis in toad bladder under the influence of aldosterone but there is some doubt as to whether the time relationships of the increased RNA synthesis are appropriate for the increased protein synthesis which he has postulated. Be that as it may, here is an interesting delayed response which clearly depends in some way or another on nucleotide directed protein synthesis.
The explanation of this effect proposed by Edelman originally was that the new protein that was synthesized was a sodium pump. However, using the criterion that I mentioned earlier, that if the effect was on the pump the sodium concentration in the tissue would b_ expected to fall, and that if the effect was on permeability the sodium concentration in the tissue would be expected to rise, one may note that Crabbe & de Weer (1965) found that aldosterone caused an increase in the sodium concentration in the bladder. This certainly favours the view that at least the permeability must be increased and so increase sodium transport. Whether this is a sufficient explanation, and whether one also has to postulate an increase in the pump we do not know, but it is an interesting, different approach to an increase in permeability of the cells to sodium by some process involving synthesis of new cellular material.
It is very likely that one could cite the behaviour of the distal tubule of the kidney as having some parallel to this. This is a system where sodium is absorbed from the luminal fluid and hydrogen and potassium ions are exchanged for it, the membrane being virtually anion impermeable. As I mentioned earlier, this is another system that is inhibited by cardiac glycosides. The situation here is probably as follows: the powering of this exchange process is due to pumping of sodium out of the basal surface of the kidney tubule cell; sodium enters passively from the tubular lumen and those two processes together constitute the overall transfer process. The entry of sodium into the cell, however, in this case is controlled by the availability of exchangeable cations. The exchange process prefers hydrogen ions to other cations and normally, therefore, the sodium is largely exchanged for hydrogen ions, but if hydrogen ion supply is reduced by a carbonic anhydrase inhibitor such as acetazolamide the exchange process accepts the less suitable potassium ions but with a reduction in the total ion transfer.
This seems to be a case where there is an indirect effect on the sodium transport by the sodium pump, again by modifying the availability of intracellular sodium.
To consider a totally different active transport process and the action of drugs on it, I want briefly to discuss the behaviour of salivary gland cells (Fig 2) . In the cells the resting potential across the basal membranes is around -30 mV, but when the cells are activated by parasympathetic or sympathetic nerve stimulation or by acetylcholine or catecholamines hyperpolarization by as much as 30 mV occurs. Lundberg (1958) showed that this hyperpolarization persisted with little change when the resting membrane potential was displaced to -10 mV or to -105 mV. This is quite unlike the hyperpolarization produced by inhibitory nerve stimulation in the anterior horn cells of the spinal cord where the potential change depends on the level of the resting potential and, to be more precise, on the electrochemical potentials of the ions contributing to the potential. The response in the salivary glands is not of this character but is clearly due to active transport of some ion. There is some evidence that the potential may be generated by active transport of chloride into the cells but this has not been proved conclusivelv.
Another point of interest about this process in the salivary gland is that Douglas & Poisner (1963) have shown that secretion in the salivary gland is abolished when calcium is removed from the external solution. No one knows whether the removal of calcium has a direct effect on the secretory potentialit just has not been looked atbut I think the likelihood is that the action of calcium is not on this potential (which is set up solely across the basal structures of the cell and not across the apical surface), but is concerned with movement of materials across the apex. Calcium may well be an intracellular transmitter controlling apical permeability. I next want to mention the transport systems in the proximal tubules of the kidney. One of the transport systems which has been very well studied is that concerned with anion transport, originally studied with para-aminohippuric acid (PAH) and phenol red and later with many other carboxylic and sulphonic acids, as well as sulphonamides and penicillin.
When one studies the transport of a dye such as phenol red by the tubular system one normally sees that phenol red accumulation in the kidney tubular lumen is readily visible under the microscope whereas no colouring can be seen in the tubule cells. If the same experiment is carried out in the absence of calcium the phenol red does not appear in the tubular lumen but there is a very high concentration within the cell. If calcium is then added the phenol red can be discharged from the cells into the lumen. This supportsthe idea that calcium may have an important role controlling secretion at cell apices. It also supports the view that the active process here is a transport across the basal cell membrane rather than the apical cell membrane. We know drugs that are good inhibitors of this system, the best known being carinamide and probenecid. These, in fact, are both sub3tances that are transported by the same active transport process but they persist in the kidney because they are rather lipid soluble and diffuse back across the tubule to maintain a good concentration.
Another transport process on which drug actions are very important is the transport of catecholamines into sympathetic nerve endings. Catecholamines are accumulated by sympathetic endings in very high concentrations. The high concentration is, to some extent, misleading because there is a two-stage process involved here. One is transport into the cytoplasm, which appears to be an active transport process, and the other is segregation within the cell into granules which reduces the thermodynamic concentration of the catecholamines inside the cell.
It can be shown that the binding is not the essential process, however, because if one interferes with the binding by using the drug reserpine the uptake of catecholamines into the sympathetic neurone is totally unaffected. This process is competitively inhibited by a number of other amines. It is not a very specific transport process and in fact it will transport other amines such as dopamine and metaraminol. It is strongly inhibited by the group of tricyclic antidepressants of which the best known members are imipramine, desipramine and nortriptyline. It is also quite strongly inhibited by cocaine.
These drugs inhibit the uptake process but they do not cause loss of catecholamines from the cells. In other words, the retention of catecholamines within the cell is only secondarily dependent on the rate of uptake. The uptake process is primarily concerned with removing the material from the extracellular space rather than maintaining a high concentration within the cell. This, incidentally, is another process that is inhibited by the cardiac glycosides and it is one in which there is clear evidencz that the transport of catecholamines is tied in with transport of sodium.
Quite analogous to this is the transport of choline in the other branch of the autonomic nervous system in the parasympathetic terminals. Here choline is transported as a source material for the synthesis of acetylcholine within the cell. Drugs are known which influence this transport processhemicholinium, triethylcholineand these are useful agents in pharmacological analysis but have not so far proved useful therapeutically.
Much the most important pharmacological action on cell ionic processes is on passive permeability.
The synaptic transmitters in the central nervous system and at the neuromuscular junction all seem to exert their primary action by producing a change in permeability of the post-synaptic membrane. Fig 3A shows an end-plate potential, a depolarization of the muscle membrane in the synaptic region produced by a nerve impulse but which could be produced equally well by acetylcholine. Fig. 3B shows the corresponding voltage clamp current and this may be taken as being a sort of parallel technique to the technique of clamping that Professor Ussing described in the frog skin. In the early phase of that end-plate potential, the current required to hold the cell membrane at its initial level is greatly increased. (Reproduced from Takeuchi & Takeuchi, 1959, by kind permission) All this is a direct indicator of the increased permeability of the subsynaptic membrane to various ions. The fact that this occurs in the depolarizing direction shows that the major ion involved must be sodium because this is the only ion which carries sufficient positive charge into the cells to depolarize them.
Analysis has shown, in fact, that this increase in permeability affects both sodium and potassium although the sodium effect predominates. A converse change to this is also seen in many cells, for instance, when posterior roots are stimulated and produce inhibition. If one records from an anterior horn cell of the spinal cord it is found that the membrane hyperpolarizes, as referred to earlier. In this case the increase in permeability affects mainly chloride ions. I think I have said enough to show that a great variety of drugs do produce effects on physiological systems by altering permeability and transport. We have not seen any very clear example, except perhaps in the salivary gland, of where a drug has really directly increased active transport. It looks as though the back door route of increasing transport by controlling permeability is the most frequent way in which drugs and neurohumours produce their effects.
Dr A M Dawson (St Bartholomew's Hospital, London) asked Professor Burgen whether he thought that the stimulation of sodium transport by acetylcholine in the salt glands of the albatross and in the human pancreas was analogous to the changes he had described in the salivary gland. Professor Burgen felt that there had been inadequate study of the electrical changes and of the salt glands so that a full answer could not be given. However, electrodes had been inserted in the salivary glands, either through the basal membrane or into the lumen of the cell or both, and the potential changes across the basal and apical cell membranes had been independently recorded. This had revealed a striking difference: the basal surface had hyperpolarized and its conductance to ions doubled, whereas the apical surface had not changed its conductivity for ions. There was a real mystery in this. The apical surface was increasing the transfer ofions; it was secreting and yet there was no change in conductivity.
In a variety of cells it had been observed that the addition of the secretagogue increased the turnover of certain phospholipids which were possibly the membrane phospholipids. He thought the present consensus of opinion tended to the view that this change occurred with secretion, but that it might not be a primary event in secretion. Professor M D Milne (Chairman) referred to the inhibitory effect of ouabain on the hydrogen ion in the stomach and the distal tubule of the kidney. He asked whether it was known if the ouabain had a direct influence on intracellular pH. Professor Burgen replied that he did not know. Dr S L Hart (Guy's Hospital, London) asked Professor Burgen whether he could explain how low concentrations of ouabain stimulated, and high concentrations inhibited, the transport of sodium. He added that he had observed a similar stimulation and inhibition of the intestinal transport of nutrients by low and high concentrations of certain drugs. Professor Burgen replied that there was no definitive explanation of this. He said that the ATP-ase was a highly impure preparation; it was a membrane enzyme which had not as yet been separated from membrane constituents. It was possible that ouabain changed the conformation of the enzyme in low concentrations and occluded it in higher concentrations. But this was merely formulating a reply to the question without any proof ofthe action. A Member asked whether the luminal membrane might not be so important in salivary gland transport because there was exudation of vesicles into the lumen rather than just through the passage across the luminal membrane. Professor Burgen replied that this was a case of pinocytosis arising in reverse. There was no question that the salivary gland cells did nip off their tops and it was to some extent a merocrine secretion but he doubted whether that could account quantitatively for the extraordinary rate of the water and electrolyte turnover in salivary glands; they were the fastest secretors which could be found anywhere, being able to secrete water at the rate of two or three times their own weight per minute. He found it hard to believe that vesicles were emerging at that rate.
